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As a basic component of birth rate, realized fecundity of females is tightly linked with population dynamics. Intraspecific variation in fecundity affects population growth rate (Shiga 1977 , Kamata 2000 , Rhainds & Ho 2002 , Brooks et al. 2016 ) and may even be the main driver of population cycles in forest defoliators with flightless females: sedentary reproduction, combined with high fecundity and limited dispersal of larval progeny, lead to rapid buildup of local populations, followed by resource depletion and cascading detrimental effects on individual fitness (reduced larval performance and size at pupation; Rhoades 1985 , Tammaru et al. 1996 , Rhainds et al. 1998 . Fecundity is often directly depressed in declining phases of outbreaks (Mason et al. 1977 , Carter et al. 1991 , Klemola et al. 2008 as mediated by two ubiquitous size-dependent processes: small size and correlated low fecundity of females in crowded populations (Tammaru et al. 2002 , Nykänen & Koricheva, 2004 , Miller 2005 , Meister et al. 2018 . Positive relationships between body size of females and fecundity are common in Lepidoptera capital breeders that rely strictly on larval accumulated resource for reproduction (Honĕk 1993 , Jervis et al. 2005 . Indirect linkages between population density, body size, and fecundity involving differential investment in wing area relative to reproductive tissue are described below.
In its general sense, body size relates to the interface between two physical measurements. 1) Geometric descriptors of pupal or adult body parts (SIZE per se: length, surface, or volume estimates), which are often derived with measurements of forewings. 2) Quantity descriptors of mass, which are similar to the number of atoms in a given insect (MASS: dry or fresh weight of pupae or adults). Weightbased measurements are commonly (and somehow incorrectly) used as a proxy of body size in studies documenting intraspecific variation in fecundity (Robison et al. 1998 , Miller 2005 , likely due to the ease of such measurements. Descriptors of body size derived from MASS have one short coming relative to geometric measurements of SIZE, because autocorrelative functions (constitutive weight of individuals includes egg biomass) inflate statistical significance of regressions between MASS and fecundity (Miller 1957 , Dempster 1971 , Leather 1988 , Molleman et al. 2011 . The problematic has an extra layer of complexity in insects with flighted females, in particular species with facultative dispersal. Flight has evolved, in part, to mitigate negative impacts of crowding on larval progeny (Bowler and Benton 2005, Cote et al. 2017) . Physiologically, females enhance flight capacity at emergence through reduced wing loading (LOAD: MASS to SIZE ratio; Angelo and Slansky 1984 , Coll and Yuval 2004 , Altizer and Davis 2010 , Shi et al. 2015 , Le Roy et al. 2019 . Physiological constraints related to dispersal, combined with negative effects of crowding on larval performance, result in predictable variation in LOAD estimates between endemic versus epidemic populations: females at low population density reach optimal MASS for reproduction (heavy abdomen full of eggs) with reduced SIZE (small wings); in contrast, females in deteriorated habitats often display low abdomen biomass while retaining large wings to facilitate dispersal (Gruys 1970 , Danthanarayana 1976 , Bayoumy and Michaud 2015 , Jaumann and Snell-Rood 2019 , Tigreros and Davidowitz 2019 . Variation in parameters of size-dependent fecundity functions (slopes and intercepts; Robison et al. 1998 , Miller 2005 , Heisswolf et al. 2009 ) may thus be due in part to systematic (nonrandom) shifts during the course of an outbreak, i.e., females with known SIZE may have different MASS and fecundity in peak versus declining population phases.
Spruce budworm, Choristoneura fumiferana (Clem.), is the most severe defoliator of Pinaceae [balsam fir, Abies balsamea L. (Mill.), and spruces, Picea spp.] in Nearctic boreal forests (Bouchard et al. 2018 , Navarro et al. 2018 . Larvae preferentially feed on young (current-year) shoots of host trees, a high-quality food source linked with large SIZE at maturity and increased fecundity; in defoliated forest stands, individuals are forced to feed on old needles, which depresses larval performance and adult fitness (Miller 1957 , Régnière and Nealis 2007 , Fuentealba et al. 2017 . Fecundity is positively correlated with body size (Thomas 1978 , Thomas et al. 1980 , Bauce and Carisey 1996 , Rhainds 2015a , although parameters of relationships vary between studies and morphological proxies (SIZE and MASS) are often used interchangeably (Robison et al. 1998) .
Female budworms have an unusual mixed reproductive strategy characterized by sedentary reproduction early in life followed by long-range dispersal (inter-reproductive migrations; Wellington and Henson 1947, Gatehouse 1997) . Young females with heavy abdomen filled with eggs are functionally flightless and thus oviposit in the natal patch; thereafter, partly spent females may (or may not) ascend above tree canopies for wind dispersal , McNeil et al. 1995 , Rhainds and Kettela 2013 . Gravid females emerging in heavily defoliated forest stands have low MASS and may thus fly before oviposition takes place (Blais 1953) , an hypothesis that has been validated under laboratory conditions (Sanders and Lucuik 1975) but not in the field. The hypothesis suggests morphological variation in female 'body building' (investment in wing area) in response to deteriorated conditions (reduced LOAD at emergence to facilitate natal dispersal by preovipositing females). If true, gravid females with their full egg complement are expected to readily fly upon emergence and thus be captured at light traps during late outbreak phase. In the current literature, however, monitoring of females with light traps has been conducted exclusively in early to peak outbreak phases, and under these conditions, flight is generally constrained to females that have laid at least 40% of their eggs ('oviposition threshold for flight'; Greenbank et al. 1980, Rhainds and Kettela 2013) .
Professionally archived data collected during the last budworm outbreak are analyzed in the context of variation in size-density functions during the course of an eruptive population cycle. The data include measurements of SIZE, MASS, and lifetime fecundity for several thousand females and suggest novel links between dispersal and population dynamics.
Materials and Methods

Sampling Procedure
The survey was conducted at the 9,000-ha Acadia Research Forest Station, 20 km northeast of Fredericton in New Brunswick, in forest stands with hosts of spruce budworms as dominant or co-dominant tree species. Although significant differences in fecundity functions were observed between fir and spruces, the extent of host tree variation was small (in relation to year and SIZE effects) and somewhat irrelevant in the context of this study because it was not possible to ascertain the tree origin of inflight females captured at light traps (Thomas et al. 1980; see below) . The interval of study corresponds to the last budworm outbreak from the period of peak abundance (1976, 1977, 1979) to a severe decline in abundance (1988 -1989 Royama et al. 2005 Royama et al. , 2017 . Although the precise location of experimental sites for different years is unknown due to the age of data, the trends reported here are likely representative of local population dynamics as suggested by strong auto-correlative demographic processes in the experimental area (Royama et al. 2017) .
Each year, budworm pupae were collected from the foliage of host trees, sexed, and brought to the laboratory at 20°C, 16 h photoperiod, and 65% RH. Female pupae were kept in groups of 50 individuals per paper cup and inspected daily to determine the time of emergence, upon which adults were either killed shortly thereafter (gravid females) or kept alive to reproduce (spent females). Spent females were allowed to mate overnight in cages kept in the dark between 08:00 and 18:00 h. The cages were inspected every hour, and mating pairs placed in individual paper cups; males were removed 24 h later. Females were kept in their cup until death, after which period the total number of eggs laid was recorded; sugar water was not provided to females during the course of their life. For both gravid and spent females, one forewing was detached to determine its length (L from the tip of the wing to its attachment to the thorax, measured to nearest 0.167 mm), and dry weight of moths (MASS) assessed to the nearest 0.01 mg after a 48 h exposure at 65°C.
Inflight female budworms were monitored daily with light traps each year (fig. 1 in Hurley and Titus 1987) for 2.5 to 3 wk during the period of flight; traps were deployed in the upper tree canopy of forest stands where pupae had been collected. Morphometric parameters (L, MASS) of each female were determined as described above.
The laboratory data include previously published sources (1976 -1979 : Thomas 1978 , Thomas et al. 1980 ) and unpublished sources (1988 -1989 ; the data using light traps are published here for the first time. All raw data are provided in Supplementary Material.
The unit of observation consists of an individual female sampled in year y with known L and DWT; estimates of L were converted to wing surface area (SIZE = L 2 /3) to reduce heterogeneity of variance. For each year y, regressions were used to quantify relationships between SIZE and MASS for gravid (g) and spent (s) females (corresponding to reproductive age 0 and 1, respectively), and between SIZE and fecundity (EGG) for spent females:
Parameters of equations 1-3 are reported for each year in Table 1 . The three equations above aim to characterize reproductive parameters derived from body size measurements of gravid and spent females. The equations below provide estimates of EGG for inflight females (with known values of SIZE and MASS): 1) realized fecundity (R1F: number of eggs laid at capture), and 2) residual fecundity (R2F: number of eggs still in the abdomen of females at capture). For calculations of R1F, equations 1-3 were pooled, noting that gravid females have laid no eggs at the time of morphological measurements (equation 5); the procedure was selected because it buffers 'outlier' spent females that died prematurely before laying all their eggs (individual females with combined low estimates of EGG/ MASS). Values of both R1F and R2F were constrained between 0 and EGG. For any given value of SIZE, residual fecundity corresponds to the difference between potential and realized fecundity, whereas proportion of eggs laid (Plaid, constrained between 0 and 1) is equivalent to the ratio between residual and potential fecundity: 
Statistical Analyses
Analyses were carried out with the SAS statistical software (SAS Institute, Cary, NC). Equations 1-3 were parameterized each year using morphological measurements of gravid and spent females; outbreak phase effect (1976-1979 vs. 1988-1989) was also included as a class variable in regression models (for example, proc glm; class phase; model EGG = SIZE phase). ANOVA followed by Student Newman Keuls' test was used to compare morphological and reproductive parameters of females between years, including 1) SIZE, MASS, and LOAD for gravid and spent females; 2) EGG for spent females; and 3) R1F, R2F, and Plaid for in-flight females; similar analyses were conducted replacing the class variable year with outbreak phase. Seasonal variation in Plaid of inflight females was regressed relative to the date of sampling.
Results
Morphology and Fecundity of Resident Females
Regressions between SIZE and MASS were statistically positive (P < 0.0001) each year for both gravid and spent females; likewise, EGG was consistently size-dependent (Fig. 1) . For any given value of SIZE, estimates of MASS and EGG were higher during early (1976) (1977) (1978) (1979) than late phases of outbreak (1988, 1989) (Fig. 1) . Females were smaller but heavier during the early outbreak phase than later on (Fig. 2) . Mean fecundity of spent females was higher in 1977, lower in 1988, and intermediate in other years (Fig. 3 ).
Morphology and Fecundity of Inflight Females Captured at Light Traps
Inflight females were larger than resident females in 1977, and the opposite trend was observed in 1989 ( Fig. 2) . Neither SIZE, MASS, nor LOAD significantly varied between outbreak phases (Fig. 3) .
Realized fecundity and proportion of eggs laid by inflight females at the time of capture were considerably higher during early outbreak phase than later on, whereas residual fecundity was independent of outbreak phase (Fig. 3) . Proportion of eggs laid was higher during late phase than earlier on and increased seasonally over time each year (Fig. 4 ).
Relationships Between Wing Load and Proportion of Eggs Laid in Inflight Females
For each year, LOAD was positively correlated with Plaid although relationships varied significantly between outbreak phases [proc glm; class phase; model LOAD = Plaid phase; F LAID = 35431.6, P < 0.0001, F phase = 6641.7, P < 0.0001] (Fig. 5 ). Few inflight females had laid <40% of their eggs at the time of capture. Females flew at a younger reproductive age (low values of Plaid) during late phase of outbreak (Fig. 5 ).
Discussion
In this study, the early period of sampling (1976, 1977, 1979) corresponds to peak budworm abundance, whereas late sampling (1988, 1989) corresponds to the outbreak collapse (near two-fold magnitude of decline in density between 1987 and 1988-1989) (Royama et al. 2005 (Royama et al. , 2017 . As is common in capital breeders, SIZE of female budworms was positively correlated with MASS and fecundity (Fig.  1) . Size-dependent fecundity functions in female spruce budworms shifted during the course of outbreak, but not as a result of females becoming smaller when conditions deteriorated. Female budworms in 1988-1989 had low MASS and fecundity relative to earlier years Table 1 . Summary of regression parameters describing the relationship between body size (wing surface area: WSA) and dry weight (DWT) for gravid (g) and spent (s) female spruce budworms (equations 1 and 2, respectively), and between WSA and fecundity (EGG) for spent females (equation 3)
Year Equation 1 Equation 2 Equation 3 Equation 6 DWT 1976-1979 versus 1988-1989. (1976-1979) ; in terms of SIZE (wing area), however, females were larger during late outbreak phase than earlier on ( Figs. 1 and 2) . These trends suggest that females have evolved morphological adaptation/phenotypic plasticity to facilitate early life dispersal from deteriorated habitats. Attributes of females captured at light traps are consistent with the hypothesis above: relative to 1976-1979, inflight female budworms in 1988-1989 had laid fewer eggs at the time of capture (Figs. 3-5 ), indicative of young reproductive age at flight. Support provided here for the hypothesis that female budworms evolved morphological adaptations to further dispersal in deteriorated habitats is inconclusive because data were collected at one location during one single outbreak. That said, independent observations from other studies are consistent with the hypothesis of condition-dependent dispersal among female budworms, including: 1) reduced LOAD of crowded females (Rhainds 2015b , Moise et al. 2019 , 2) low fecundity relative to SIZE (pupal length) with increased host defoliation (Miller 1957) ; 3) enhanced rate of flight among females that have large wings and experienced nutritional stress as larvae (van Hezewijk et al. 2018 ); and 4) low incidence of female emigration (vertical ascension above tree canopies) in the absence of host tree defoliation (Greenbank 1973) . The findings reported here for spruce budworm have some generality at the interspecific level. Low wing loading of females at emergence in crowded populations is common in Lepidoptera in general (Pellegroms et al. 2009 , Boggs and Niitepõld 2016 , Jaumann and Snell-Rod 2019 Tigreros and Davidowitz 2019) , including forest defoliators such as Epiphyas postvittana Walk. (Tortricidae; Danthanarayana 1976 ) and two Geometridae, Bupalus piniarus L. (Gruys 1970) and Epirrita autumnata Borkhausen (Ruohomäki 1992) . When mating is delayed, low wing load (and enhanced flight capacity) of female spruce budworm and taxonomic relative Choristoneura conflictana Walk. (Tortricidae) may be achieved by dumping/resorbing unfertile eggs early in life (Elliott and Evenden 2009, Rhainds and Kettela 2013) . As in C. conflictana (Evenden et al. 2006) , gravid female spruce budworms emerging in heavily defoliated forest stands are able to fly before oviposition due to presumed low MASS and LOAD of small females (Blais 1953, Sanders and Lucuik 1975) , a finding that is frequently reported in the literature but was not detected here: in fact, few females (4.2% on average per year) captured at light traps had laid <40% of their egg complement at the time of capture, including only 4 of 2777 females (0.14%) that had laid less than 10% of their eggs.
Population dynamics of spruce budworm exhibit strong oscillations of abundance, from very low densities to severe outbreaks, that are synchronous in space and time (Régnière et al. 2001 (Régnière et al. , 2013 Sturtevant et al. 2015 , Pureswaran et al. 2016 . Two major theories have been proposed as to causality factors underlying cyclic population dynamics of spruce budworm. 1) The Moran effect hypothesis 1976-1979, dashed lines represent regressions for 1988-1989 data; for years 1988-1989, dashed lines represent regressions from 1976 to 1979 data) . Parameters of regression models are reported in Table 1 , including significant phase effects contrasting data from early and late outbreak phases (1976-1979 vs. 1988-1989). assumes synchronized populations over time and space due to interface between natural enemies and weather conditions; dispersal movements of egg-laying females are expected to homogenize local variation in population density rather than trigger inception of outbreaks (Royama et al. 2005 (Royama et al. , 2017 . 2) The double equilibrium hypothesis assumes slow response of natural enemies combined with directional movements by migrating females from heavily defoliated stands to 'healthy' stands during the early stage of outbreak, followed by population collapses due to host deterioration (Stedinger 1984) . Evidence for density-dependent dispersal among female spruce budworms (references above) supports in a general sense the double equilibrium model of population dynamics but does not invalidate the Moran effect hypothesis; that is, unless outcomes of models are highly sensitive to small gradients in density-mediated movements of adult budworms. 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 9 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 9 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 9 Fig. 2 . Morphological parameters of female spruce budworms (mean ± SE) collected as pupae in forest stands and allowed to emerge in the laboratory. Gravid females were killed shortly after emergence with their abdomen full of eggs; spent females were allowed to mate and lay eggs until death; inflight females were captured at light traps. For each plot, bars superscripted by different letters are statistically different (ANOVA followed by Student Newman Keuls' test, P < 0.05). Solid and dashed horizontal lines represent significant and nonsignificant differences between outbreak phases (1976-1979 vs. 1988-1989 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 8 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 8 1 9 7 6 1 9 7 7 1 9 7 9 1 9 8 8 1 9 8 8 Fecundity was estimated for spent females using equation 3. Realized and residual fecundity of inflight females were derived using equations 4 and 5. For each plot, bars superscripted by different letters are statistically different (ANOVA followed by Student Newman Keuls' test, P < 0.05). Solid and dashed horizontal lines represent significant and nonsignificant differences between outbreak phases (1976-1979 vs. 198-1989) .
Within the constraints of the study, the extent of long-range emigration from the natal patch cannot be detected or scaled for any year because light traps intercept inflight females but do not provide information as to the origin nor directionality of dispersal movements. Aerial migrations of budworms provide a spectacular display of hyperabundance in the natural world: swarms of migrants are heavily concentrated in the airspace , Sturtevant et al. 2013 , Boulanger et al. 2017 ) and reach such high numerical abundance (10 10 airborne migrants; Dickison et al. 1986) as to be mistaken for UFO (Callahan and Mankin 1978) . Overall low numbers of female budworms captured at light traps in our study, combined with limited day-to-day variations in abundance (Fig. 4) , suggest that major immigration events (defined as pulsed, external deposition of budworms with large numerical amplitude) did not take place during the interval of the study. Seasonal decline in proportion of eggs laid among inflight females is further consistent with attributes of closed populations in which female budworms of local origin outnumber immigrants.
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